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EFFECT OF NOZZLE LATERAL SPACING

ON AFTERBODY DRAG AND PERFORMANCE OF TWIN-JET

AFTERBODY MODELS WITH CONVERGENT NOZZLES

AT MACH NUMBERS UP TO 2.2

By Donald L. Maiden and Jack F. Runckel

Langley Research Center

SUMMARY

An investigation has been conducted to determine the effect of nozzle lateral spacing

on the drag and performance of twin-engine afterbody configurations with hinged-flap con-

vergent nozzles at static conditions and at Mach numbers ranging from 0.6 to 2.2. Two

lateral spacings of the nozzle exits were studied, with identical longitudinal cross-

sectional-area distributions and fineness ratios maintained as the spacing was varied.

Three afterbody types consisting of a basic shrouded configuration, an exposed-nozzle-

flap configuration, and a shrouded configuration having a blunt-base interfairing termi-

nating forward of the nozzle exits were studied. Two nozzle power settings were used -

the dry-power setting corresponding to minimum throat area and the nlaximum-

augmented-power setting corresponding to maximum throat area. The jet-total-pressure

ratio was varied from 1.0 (jet off) to approximately 21 depending on the Mach number.

The results indicate (i) that the close-spaced-nozzle-exit configurations had lower

afterbody axial-force (drag) coefficient than the wide-spaced-nozzle-exit configurations,

with the exception of the shrouded dry-power nozzle configurations at subsonic Mach

numbers (for which the trend was opposite) and (2) that the addition of cross-sectional

area generally increased afterbody drag subsonically, but decreased afterbody drag

supersonically. Differences may occur in determining the forces on the afterbody if only

shroud drag, which does not include the annulus drag of the afterbody, is considered. The

correlation between theoretically and experimentally determined supersonic wave drag

was good for the close-spaced-nozzle afterbody configurations and fair for the wide-

spaced-nozzle afterbody configurations.

INTRODUCTION

Twin-engine multimission aircraft require careful integration of the airframe with

the engines in order to provide high performance over a wide speed range. Engines



installed in the fuselageoffer the advantageof compactnessandalleviation of the one-
engine-outstability problem. However, the afterbody-nozzle arrangement for this type
of configuration canbe quite sensitive to the mutual nozzle-airframe interactions (refs. 1
to 4). Therefore, attention has beendirected toward the twin-jet aircraft back-endprob-
lem in order to examinethe effects of axial location of jet exits along the body (ref. 5),
the effects of afterbody shapeandtype, andthe effects of lateral spacingof the nozzle
exits (ref. 6).

As part of a program on engine-nozzle--aircraft-afterbody integration, the Langley
ResearchCenter is evaluatingthe performance of various twin jet nozzles installed near
the rear of model fuselages. Reference5 reports the results of the initial investigation
and describes an air-powered, twin-jet afterbody modelwhich has provisions for making
separatemeasurementsof the combinedexhaustthrust minus drag andthe external
afterbody drag. The present investigation showsthe effects of nozzle lateral spacingfor
hinged-flap convergentnozzleswhich were tested with andwithout the flaps exposedaft
of the hinge point. Afterbodies havinga minimum wave-drag shapewith the samecross-
sectional-area distributions and fineness ratios were designedfor bothclose and wide
spacingsof the nozzles.

Someprevious investigations haveindicated that afterbodies with recessed or blunt
basesmay achieve low drag with twin propulsion nozzles at the rear of the fuselage
(refs. 7 and 8). This type of afterbody wasalso examinedin the present investigation
for bothclose andwide spacingsby additions to the interfairing betweenthe engine
nacelles.

The investigation wasconductedin the Langley 16-foot transonic tunnel at Mach
numbersfrom 0.6 to 1.3with nozzle throat areas corresponding to dry power (minimum
throat area) and maximum augmentedpower (maximumthroat area) and in the Langley
4- by 4-foot supersonic pressure tunnel at Machnumbers of 2.0 and 2.2 with the nozzles

at the n_axinlum-augmented-power setting. Jet-total-pressure ratio was varied from 1.0

(jet off) to approximately 8 in the transonic facility and to approximately 21 in the super-

sonic tunnel. All configurations were tested at zero angle of attack.

SYMBOLS

Aerodynamic coefficients are based on

_& cross-sectional area, m 2

Aan = A b - A t

q_Amax-



Ab

Aeng

Amax

_s

Aseal

CA,a

CA,an

CA,f

CA, s

CD,w

Cp

Cp,b

CT,i

%

deng

dequ

a S

base area of one nozzle shroud (see fig. 3), m 2

engine-tailpipe maximum cross-sectional area, m 2

maximum cross-sectional area of afterbody, m 2

inside cross-sectional area of afterbody at hinge point, m 2

cross-sectional area enclosed by seal strip, m 2

throat area of one nozzle, m 2

axial-force coefficient of afterbody including force on nozzle-base annuli,

positive downstream

axial-force coefficient of nozzle-base annuli

skin-friction axial-forc e coefficient

shroud axial-force coefficient excluding force on nozzle-base annuli

supersonic wave-drag coefficient

local-pressure coefficient,
Pl - p_

q_D

base-pressure coefficient,
Pb - P_o

q¢_o

aerodynamic ideal-thrust coefficient,
F i

q_Ama x

internal base diameter of nozzle shroud, m

diameter of engine-tailpipe maximum cross section (fig. 6), m

equivalent diameter corresponding to maximum cross-sectional area of

afterbody, m

internal diameter of shroud at cutoff point (fig.7), in



dt

F A

FA,a

FA,al]

FA,s

Fbal,a

Fbal,j

F i

Fi,c

Fj

h

Ia

If

M

J

nozzle-throat diameter, m

external axial force (drag), positive downstream, N

axial force on afterbody including force on nozzle-base annuli, N

force on nozzle-base annuli, N

shroud axial force excluding force on nozzle-base annuli, N

force measured by drag balance, positive downstream (fig. 3), N

force measured by thrust-minus-drag balance, positive upstream (fig. 3), N

ideal thrust for complete isentropic expansion of jet flow,

ideal convergent-nozzle thrust, fi_a/jV727+ 1 RTt,j + At( pe - p_), N

jet (gross) thrust, positive upstream, N

afterbody height at maximum cross section (fig. 4(a)), m

length of model measured from nose (fig. 1), 134.62 cm

afterbody length measured from seal station (fig. 1), 50.80 cm

length of nozzle flaps (fig. 7), m

free-stream Mach number

ideal mass-flow rate, kg/s

measured mass-flow rate, kg/s



Pb

Pe

Pes

Pf

Pi

Pl

Pt,j

P_

qoo

R

Sw

s/deng

s/dt

Tt,j

W

x

base pressure, N/m 2

nozzle-exit static pressure, N/m 2

static pressure at external seal station (fig. 3), N/m 2

flap annulus pressure, N/m 2

internal static pressure (fig. 3), N/m2

local static pressure, N/m 2

jet total pressure, N/m2

free-stream or ambient static pressure, N/m 2

free-stream dynamic pressure, N/m 2

gas constant (7 = 1.4), 287.3

radius, m

surface wetted area, m 2

N -nl

kg-°K

spacing distance between engine-nozzle center lines (fig. 4(a)), m

lateral spacing ratio based on engine-tailpipe diameter

lateral spacing ratio based on nozzle-throat diameter

jet stagnation temper.ature, OK

body width at maximum cross section (fig. 4(a)), m

distance from nose to orifice location, m

ratio of specific heats

A bar over a symbol denotes an average condition.



APPARATUSANDMETHODS

Wind Tunnels

The present investigation was conductedin the Langley 16-foot transonic tunnel and
the Langley 4- by 4-foot supersonic pressure tunnel. The Langley 16-foot transonic
tunnel is a single-return, atmosphericwind tunnel with anoctagonaltest section andcon-
tinuous air exchange. The tunnel has a continuouslyvariable speedrangefrom Mach 0.20
to Mach 1.30. The Langley 4- by 4-foot supersonic pressure tunnel is a single-return,
continuous-flow wind tunnel with a stagnation-pressure range from 0.2758× 105N/m 2
to 2.0684× 105N/m2 and a stagnation-temperature rangefrom 310.9° K to 322.2° K. By
the useof interchangeablenozzle blocks, the tunnel Machnumbercanbe varied from 1.25
to 2.2.

Model and SupportSystem

A sketch of the strut-supported modelwith a twin-turbofan enginesimulator used
in the investigation is presentedin figure 1, anda photographof a typical model is shown
in figure 2.

The afterbody shell (or shroud)of the model began83.82cm from the nose andwas
attachedto a drag balancewhich was attachedin tandemto a thrust-minus-drag balance
as shownin figure 3. An annular clearance gapbetweenthe afterbodies and nozzleswas
required to prevent fouling of the afterbody drag balance. A teflon strip inserted into
grooves machinedinto the afterbody shell andforebody (seefig. 3) was used as a seal to
prevent internal flow in the model. The teflon strip, becauseof its low coefficient of
friction, minimized restraint on the two balances. To insure a turbulent boundary layer
over the afterbody shell, a 0.30-cm-wide transition strip of No. 100carborundumgrit
was fixed 2.54cm from the noseof the model.

The twin-turbofan-engine simulator utilized high-pressure air to simulate the
exhaustof a twin-jet configuration. Compressed air was supplied to the model through

pipes in the strut and passed through eight orifice nozzles into a low-pressure plenum

chamber (see fig. 1). The orifice nozzles were located perpendicular to the longitudinal

axis of the model to eliminate transfer of axial momentum. From the plenum chamber the

air was passed through the tailpipe-nozzle system to simulate the exhaust of a twin-jet

configuration. (See top view in fig. 1.)

A sketch giving dimensions for the six afterbodies used in this investigation is pre-

sented in figure 4. All afterbody configurations had the same nozzle-exit axial location

for a given power setting. Two lateral spacings between engine-nozzle center lines were

selected. The close spacing was determined by the minimum practical clearance between

parallel tallpipes; in terms of a nondimensional spacing ratio based on engine-tailpipe



diameter, this spacing was 1.07. The wide spacing represented the maximum available

spread between the tailpipes and was limited to the confines of the maximum width of an

existing model.

Afterbody-nozzle geometric ratios are given in table I for all configurations, with

spacing ratios in terms of engine-tailpipe diameter and nozzle-throat diameter. The

basic afterbody geometry is represented by afterbody configurations 1 and 2, which had

the same longitudinal distribution of cross-sectional area (see fig. 5) and shrouded con-

vergent flap nozzles. The basic afterbody shrouds were cut off at the flap hinge point to

form afterbody configurations 3 and 4 and thereby obtain comparisons of shrouded and

unshrouded nozzle flaps. Filling in the channel on close-spaced-nozzle afterbody config-

uration 1 with flat top and bottom fairings terminating with a blunt base at the location of

the hinge point of the nozzle resulted in the formation of afterbody configuration 5, which

had an alternate axial area distribution and a recessed blunt base. Also, afterbody modi-

fications were made on wide-spaced-nozzle afterbody configuration 2 to form afterbody

configuration 6, which had the same alternate area distribution. The area distribution of

afterbody configurations 1 and 2 shown in figure 5 between x = 0.6 and x = 1.0 was
l 1

calculated by a computer program for axisymmetric bodies adapted from reference 9 and

is representative of a minimum wave-drag body at a Mach number of 1.000001 with the

restraint of a given forebody geometry, afterbody length, base area, and an infinite

cylindrical exhaust plume. The area distribution of the basic afterbody configurations

(1 and 2) was made equivalent to the area distribution of an axisymmetric minimum-

wave-drag body. Therefore, afterbody configurations 5 and 6 represent a deviation from

the theoretically predicted area distribution for minimum wave drag.

A sketch presenting the geometry and instrumentation of the hinged-flap convergent

nozzle is given in figure 6. Two power settings were investigated. The maximum-

augmented-power or afterburner-power setting is denoted as nozzle configuration A, and

the dry-power or military-power setting is denoted as nozzle configuration D. The con-

vergent nozzles were designed for use with air as a fluid medium (y = 1.4). The ratio of

augmented-power throat area to dry-power throat area was 2.5.

Instrumentation

External static-pressure orifices were located on the afterbodies as shown in fig-

ure 4. Pressure distributions were obtained on all afterbodies along generally axial

rows on the top and bottom model center lines, at the top of the right nacelle, and on the

left side and part way down on the nacelle toward the interfairing (see fig. 4). The pres-

sure orifices were intended to indicate the flow characteristics over the afterbody model'

and to aid in interpreting the force-measurement results; however, the distribution of
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orifices was not complete enoughto determine afterbody pressure drag. Internal pres-
sures were measuredin the afterbody cavity at 10internal orifice locations. Eight
external static pressures were measuredat orifices located onboth sides of the seal gap
betweenthe forebody andafterbody (seefig. 3). Thesepressure measurementswere
usedfor axial-force corrections. The total pressure and stagnationtemperature of the
jet flow were measuredin eachtailpipe at locations indicated in figure i.

Forces andmomentson the parts of the model under consideration (seefig. 3) were
measuredby several balances. A five-component main balancewasused to measure
thrust minus alterbody drag. Forces and momentson the afterbody shell were measured
with a tandem-mountedtwo-componentauxiliary balancein the Langley 16-foot transonic
tunnel andsimilarly with a six-componentbalancein the 4- by 4-foot supersonic pressure
tunnel. An electronic turbine flowmeter was usedto measurethe air-mass-flow rate to
the nozzles.

Data obtainedin the Langley 16-foot transonic tunnelwere recorded simultmmously
on magnetic tape andwere reducedto coefficient form by use of a computer. Approxi-
mately five frames of datawere taken over a time period of I secondfor eachdata point
andthe averagevalue wasusedfor computations. Dataobtainedin the Langley 4- by
4-foot supersonic pressure tunnelwere transmitted to self-balancing potentiometers,
digitized, andpunchedinto computer cards. An electrically actuatedscanningvalve was
usedfor measuring andrecording the internal andexternal afterbody pressures.

Tests

Tests were conductedin the Langley 16-foot transonic tunnel at Machnumbers
from 0 to 1.3andin the Langley 4- by 4-foot supersonic pressure tunnel at Machnumbers
of 2.0 and 2.2 at a stagnationpressure of 1.213× !05 N/m 2 andat a stagnationtempera-
ture of 310.9° K. The angleof attack was restricted to a constant value of 0° during the
entire investigation. Reynoldsnumber basedon model length varied from approximately
17.27× 106at M = 0.6 to 17.49x 106at M = 1.3 in the Langley 16-foot transonic
tunnel andfrom 16.75× 106at M= 2.0 to 16.47x 106at M= 2.2 in the Langley 4- by
4-foot supersonic pressure tunnel. The ratio of jet total pressure to free-stream static
pressure wasvaried from 1.0 (jet off) to approximately 21dependingon Machnumber.

DATA REDUCTION

The recorded datawere usedto computestandardforce andpressure coefficients.
The external-seal andinternal pressure forces on the afterbodieswere obtainedby
nmltiplying the difference betweenthe averagepressure (external seal or internal) and
free-stream static pressure by the affectedprojected area normal to the model axis.



The gross thrust minus the afterbody axial force was obtained directly by the

thrust-minus-drag balance (see fig. 3). This performance term was computed as

follows:

Fj-FA, a = Fbal,j + (Pes-P_o) (Amax- Aseal)+ (l_i-P_)Aseal (1)

The forces sensed by the balance and included in the term Fbal, j are nozzle

thrust, afterbody external and internal axial forces transferred to the thrust-minus-drag

balance through the tandem-mounted drag balance, and internal axial forces on the nozzle

system.

Afterbody axial force was obtained directly from the tandem-mounted drag balance

(see fig. 3). Included in the aiterbody-axial-force term FA, a for the shrouded configu-

rations is the force acting on the physical-afterbody-base area and on the area of the

annulus between the inside of the afterbody and the nozzle throat. (See fig. 7.) For the

unshrouded configurations the force acting on the physical-afterbody-base area and on the

area of the annulus between the inside of the afterbody and the tailpipe at the hinge-point

station is included in the afterbody-axial-force term. Because of the aspiration in the

internal cavity between the afterbody shell and the nozzle-tailpipe system, the internal

pressure just aft of the hinge point of the nozzle flap was of a lower value than the internal

pressure forward of that point on the shrouded configurations. Therefore, the area over

which the internal pressures act was divided at the hinge point of the nozzle and assigned

to the appropriate pressure. The afterbody axial force for the shrouded nozzle configu-

ration was computed from the equation

and the afterbody axial force for the exposed nozzle configuration was computed from the

equation

FA, a = Fbal,a- (15es- P_)(Amax- Aseal)- (15i- P_)(Aseal- 2Aeng) (2b)

The internal-pressure correction terms used in the force equations can be large,

as was reported in reference 5. The order of magnitude of this correction can be equal

to the drag-balance readings.



The shroud axial force consists of the pressure and viscous forces on the afterbody

shell including the small physical annuli bases and was obtained by subtracting the force

on the nozzle-base annuli from the afterbody axial force - that is,

FA, s = FA, a - FA,an (3)

Jet thrust is obtained for the shrouded configuration by combining equations (i)

and (2a) as follows:

= (Fj - FA, a) + FA, a (4)Fj

Nozzle drag resulting from exposing the hinged flaps to free-stream flow could not

be determined because of the absence of orifices in the thin nozzle flaps. This nozzle

drag is included in the thrust-minus-drag performance term, and therefore internal per-

formance, -,(Fj/Fi)for the exposed-hinged-flap configurations is not presented herein, n
total-pressure rake was used to survey the jet-total-pressure distribution at the exit of

the convergent nozzles, and the jet-total-pressure probe reading was corrected to the

integrated value of jet total pressure at the exit. The mean value of jet total pressure at

the exit was used to calculate the ideal thrust for complete isentropic expansion of the jet

flow for the convergent nozzles.

Afterbody external skin-friction drag (used for theoretical wave-drag comparisons)

was calculated by using the Frankl and Voishel equation for compressible, turbulent flow

on a flat plane. (See ref. 10.)

RESULTS

The results of the investigation are presented in the following figures:

Figure

Pressure distributions on the configurations ................... 8 to 17

Base-pressure distribution on blunt-base afterbody configurations .......... 18

Variation of afterbody axial-force coefficient with jet-pressure ratio ..... 19 and 20

Typical jet-pressure-ratio schedule .......................... 21

Variation of afterbody ,axial-force coefficient with Mach number ........... 22

Effect of lateral spacing on afterbody axial-force coefficients ............ 23

Variation of jet-off annulus axial-force coefficient with Mach number ........ 24

Variation of jet-off shroud axial-force coefficient with Mach number ......... 25

Variation of shroud axial-force coefficient with jet-pressure ratio ....... 26 and 27
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Variation of shroud axial-force coefficient with Mach number ...........

Variation of calculated skin-friction axial-force coefficient with Mach number . .

Comparison of experimental and theoretical afterbody supersonic wave-

drag coefficients .................................

Effect of lateral spacing on shroud axial-force coefficient .............

Effect of power parameter on axial-force coefficients ...............

Variation of aerodynamic ideal-thrust coefficient with jet-pressure ratio ....

Variation of thrust-minus-drag ratio with jet-pressure ratio ...........

Variation of thrust-minus-drag ratio with Mach number ..............

Nozzle internal performance ..........................

Shadowgraphs of several twin-jet configurations at supersonic

Mach numbers ................................

Figure

28

29

30

31

32

33

34

" 35

36 and 37

38 to 41

DISCUSSION

Pressure Measurements on the Afterbodies

Figure 8 presents typical pressure distributions obtained on configuration 1D, the

shrouded close-spaced-nozzle configuration with the dry-power setting. The top and

bottom center-line rows show good agreement at subsonic speeds and fair agreement at

transonic speeds. The agreement of these pressure distributions indicates that interfer-

ence effects caused by the wake of the support strut were small. Support-strut effects

are discussed in detail in reference 11. The cause of the increase in pressure at x/1

of about 0.9 is unknown since the interfairing channel had a smooth contour and seemingly

smooth progression. Jet operation generally had a small detrimental effect on the rear-

most pressure orifice locations for the dry-power setting. Figure 9 shows pressure

distributions obtained on configuration 1A, the shrouded close-spaced-nozzle configuration

with the maximum-augmented-power setting. Increasing the ratio of jet total pressure

to free-stream pressure increased the pressure coefficient over the last 5 to 10 percent

of the afterbody.

Figures 10 and 11 show similar results (to figs. 8 and 9) for the basic shrouded

wide-spaced afterbody with dry-power and maximum-augmented-power settings (config-

urations 2D and 2A, respectively). The peak negative pressure coefficient occurs on the

side row (row 6) at the rear of the nacelle, where the maximum local boattalling exists.

The most forward orifice of row 8 also indicates a low-pressure peak, which is also

observed on other wide-spaced-nozzle configurations at the same location. Inspection of

the afterbody revealed a high local rate of change of surface slope at this particular loca-

tion. The local high suction pressures emphasize that smooth gentle changes on local

boattail curvature must be maintained to keep aiterbody pressure drag to a minimum.

11



The pressure distributions for the afterbody with the exposed-flapclose-spaced
nozzles (_terbody configuration 3) were aboutthe sameas those for basic shrouded
afterbody configuration 1. Thus, pressure-distribution data for afterbody configuration 3
are not presented. However, the afterbody with the exposed-flapwide-spacednozzles
(afterbody configuration 4) does showdifferences, evenfor the dry-power setting (see
fig. 12). The inside row at the rear of the nacelle (row 5) does not exhibit the tendency
to recover pressure. Afterbody configuration 5, the shrouded close-spaced-nozzle con-

figuration with a blunt base, indicated no tendency toward pressure recovery on the body

except on the blunt base at a Mach number of 0.90 for dry power and jet-on conditions

(see fig. 14). The shrouded wide-spaced-nozzle configuration with interfairing modifica-

tion (afterbody configuration 6), which had the same longitudinal area distribution as con-

figuration 5, had more local curvatures, and the pressure distribution over the afterbody

resembles that of basic wide-spaced-nozzle configuration 2.

Base Pressures

The variation of base-pressure coefficient with jet-total-pressure ratio is pre-

sented in figure 18 for blunt-base afterbody configurations 5 and 6 at several Mach num-

bers. For the dry-power setting the jet effect is unfavorable in that lower base-pressure

coefficients are obtained as the jet-total-pressure ratio is increased (see fig. 18). For

the maximum-augmented-power setting, the jet effect is generally unfavorable except at

the highest jet-pressure ratios. The trend of the variation of base-pressure coefficient

with jet-pressure ratio shown in figures 18(a) and 18(b) is similar to results found in

reference 12 for a twin-jet configuration with a blunt base and dry- or augmented-power

setting.

Afterbody Axial-Force Coefficients

Variation with jet-pressure ratio.- The effect of jet operation on afterbody axial-

force (drag) coefficients are shown in figures 19 and 20. The plots for each Mach number

are arranged with dry-power results in the left column and augmented-power results in

the right column and with close-spaced-nozzle results at the top and wide-spaced-nozzle

re_,:lts at the bottom. The effect of cutting off the basic shrouds of afterbody configura-

tiL:_s 1 and 2 to form the cutoff-shroud configurations with exposed nozzle flaps (afterbody

configurations 3 and 4, respectively) is shown in figure 19. Mixed results occur with jet

operation. Results for the close-spaced-nozzle configurations with the dry-power setting

indicate that the afterbody axial-force coefficient for exposed-nozzle-flap configuration 3D

is always lower than for fully shrouded configuration 1D, probably because the exposed-

flap configurations are shorter and because of jet aspiration in the nozzle-base region of

the basic shrouded configuration. The wide-spaced-nozzle configurations with the dry

power show the same trend as their close-spaced-nozzle counterparts at M = 0.60, but

12



the effects are smaller. A reverse effect is seenabove M = 0.70; shrouded configura-

tion 2D has lower values of CA, a than configuration 4D from M = 0.80 up to M = 0.95.

At transonic speeds the cutoff-shroud configurations have much lower values of CA, a

than the basic configurations for the dry-power setting. With the augmented-power

setting, fully shrouded configurations 1A and 2A have lower CA, a than cutoff-shroud

configurations 3A and 4A, respectively, at subsonic speeds; at supersonic speeds, the dif-

ferences are generally small and crossovers in axial-force-coefficient levels occur at

pressure ratios of the order of 4 to 10 depending on Mach number.

The results of altering the area distribution of basic shrouded configurations 1

and 2 by the addition of fuselage interfairing (configurations 5 and 6) is shown in fig-

ure 20, where the comparison plot layout is the same as in figure 19. The data for after-

body configurations 1 and 2 are repeated from figure 19 as a basis for comparison. For

the dry-power setting the basic shrouded configurations generally have the lower afterbody

axial-force coefficient for both the close and wide spacing. This trend holds for the

maximum-augmented-power setting at subsonic speeds. The axial-force-coefficient

trends with jet-pressure ratio for afterbody configuration 5 are similar to the axial-

force-coefficient variation of the blunt base model of reference 12. For the maximum-

augmented-power setting at supersonic speeds (figs. 20(d) and 20(e)), afterbody configura-

tion 6 generally had lower axial-force coefficients above a jet-pressure ratio of 4.5 than

basic wide-spaced-nozzle configuration 2, whereas the close-spaced configurations show

only small differences in axial-force-coefficient level.

Effect of Mach number.- The variation of afterbody axial-force coefficient with

Mach number, for the schedule of jet-total-pressure ratio for a turbofan engine shown in

figure 21, is summarized in figure 22 for all configurations. Some conflicting trends in

the data are observed at subsonic speeds. Of the shrouded configurations with the dry-

power setting (1D, 2D, 5D, and 6D), wide-spaced-nozzle configurations 2D and 6D gener-

ally exhibit the lower _fterbody axial-force coefficients (figs. 22(a) and 22(c)). Of the

cutoff-shroud configurations (3D and 4D), however, close-spaced-nozzle configuration 3D

produced the lower values (fig. 22(b)). At subsonic speeds and with maximum augmented

power, close-spaced-nozzle configurations 1A and 3A had lower afterbody axial-force

coefficients than their wide-spaced-nozzle counterparts, configurations 2A and 4A

(figs. 22(a) and 22(b)); for the modified-interfairing configurations the opposite trend was

true, with wide-spaced-nozzle configuration 6A having lower values than close-spaced-

nozzle configuration 5A (fig. 22(c)). At supersonic speeds all the close-spaced-nozzle

configurations had the lower afterbody axial-force coefficients for both power settings.

Shadowgraphs of several afterbodies are shown in figures 38 to 41 for varied pressure

ratios at Mach 2.0 and 2.2.
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Effect of lateral spacing on afterbody axial-force coefficient.- In previous discus-

sions of nozzle-lateral-spacing effects, several spacing ratios have been proposed. The

separation distance between engine nozzles could be chosen, with touching nozzles having

a spacing distance of 0. The lateral spacing selected in the present paper is the distance

between engine-nozzle center lines s. The minimum value of s is 1.0 nozzle diameter.

Two reference parameters are apparent for defining a nondimensional spacing ratio -

the engine-nozzle diameter and the nozzle-throat diameter. Because the jet plume is the

source of the interference axial-force increment, perhaps the more meaningful parameter

is the nozzle-exit diameter. With the convergent nozzle of the present investigation, the

throat diameter sizes the jets, so a lateral spacing ratio of s/d t has been selected. Use

of dt as the reference parameter ties the lateral spacing ratio directly to the engine

power setting - that is, the nozzle throat size.

The effect of lateral spacing on the afterbody axial-force coefficient CA, a is pre-

sented in figure 23 for several Mach numbers at scheduled pressure ratios. For sub-

sonic speeds and the dry-power setting, the effect of increasing lateral spacing is to

decrease CA, a for the shrouded afterbody configurations (I, 2, 5, and 6) and to increase

CA, a for the unshrouded, or exposed-nozzle, ,%fterbody configurations (3 and 4). The

increase in afterbody axial-force coefficient with spacing ratio s/d t for the unshrouded

configurations is consistent with the results obtained in reference 13 at M = 0.8. For

supersonic speeds and the dry-power setting, the effect of increased lateral spacing is

an increase in the afterbody axial-force coefficient, or afterbody drag coefficient, for all

configurations.

With the nozzle throat set at the maximum-augmented-power position, the effect

was generally an increase of afterbody axial-force coefficient with an increase in lateral

spacing both subsonically and supersonically with the exception of the recessed-blunt-

base afterbody configurations (5 and 6) subsonically. (The jet effects on base drag were

less unfavorable for wide-spaced-nozzle configuration 6 than for close-spaced-nozzle

configuration 5.)

Since the division of forces between afterbodies and nozzles has become more arbi-

trary in recent years (refs. 2, 5, and 14), it is necessary to define the external axial force

charged to the airframe and that charged to the nozzles. For the shrouded configurations

of the present investigation, nozzle-base annuli exist between the shroud base and the

nozzle throat. Afterbody axial-force coefficient includes the pressure and viscous forces

on the afterbody from Ama x down to 2At, and this definition is consistent with the

definition in reference 5 in that the nozzle-base-annulus drag is included in the afterbody

external drag. The magnitude of CA, an for the shrouded configurations is given in fig-

ure 24, which shows the variation with Mach number at jet-off conditions. Basic shrouded

afterbody configurations 1 and 2 have thrust forces on the annuli at subsonic speeds as
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doesthe wide-spaced-nozzle configuration with the addedinterfairing (a.fterbodyconfig-
uration 6). Thewide-spaced-nozzle dry-power configurations have the highest transonic

drag levels. By subtracting the axial-force coefficient of the nozzle-base annuli CA,an,
as shownin figure 24, from the afterbody axial-force coefficient CA, a, the axial-force

coefficient of the afterbody shroud or shell including the small physical base of the shell

(CA, s) is obtained.

Shroud Axial-Force Coefficients

The variation of shroud axial-force (drag) coefficient with Mach number for the jet-

off condition is presented in figure 25. Figure 25 shows that when the nozzle-base-romulus

axial-force coefficient resulting from the dry-power and maxinmm-augmented-power

settings is removed from the afterbody axial-force coefficient for a common afterbody:

the resulting shroud axial-force coefficient CA, s is approximately the same for the

given afterbody regardless of power setting.

Variation with jet-pressure ratio.- The variation of shroud axial-force coefficient

with jet-total-pressure ratio is presented in figures 26 and 27 for several Mach numbers

and the two power settings. The plot layout in figures 26 and 27 is similar to that in fig-

ures 19 and 20. The effect of cutting off the basic nozzle shrouds of configurations I

and 2 to form exposed-nozzle-flap configurations 3 and 4 is shown in figure 26. Generally,

the exposed-flap dry-power configurations had lower shroud axial-force coefficient than

did the shrouded dry-power configurations, but the opposite trend is indicated for the

maximum-augmented-power setting at subsonic Mach numbers. These trends are prob-

ably due to jet effects, which are unfavorable to the shrouded configurations utilizing dry

power and favorable for the maximum-augmented-power setting. The unfavorable jet

effects are caused by the jet aspirating the rear region of the shroud boattail for the dry-

power setting, and the favorable effects are caused by the convergent-nozzle underexpan-

sion of exhaust flow creating positive pressures over the shroud boattail.

The effects of interfairing modification on the basic configurations are shown in

figure 27. As a result of unfavorable jet interference on the base-pressure drag of the

blunt-base configurations, the basic configurations indicate less shroud axial-force coef-

ficient for the most part. However, the blunt-base afterbody with the close-spaced dry-

power nozzles does show slightly less shroud axial-force coefficient at high transonic and

low supersonic Mach numbers for the lower jet-pressure ratios. The blunt-base after-

body with the wide-spaced maximum-augmented-power nozzles shows less shroud axial-

force coefficient supersonically at jet-pressure ratios above 4.0, the difference increasing

with increased jet-total-pressure ratio.

Effect of Mach number.- The variation of the shroud axial-force coefficient with

Mach number for a typical jet-pressure-ratio schedule (see fig. 21) is presented in
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figure 28 for all configurations. For the dry-power setting the exposed-nozzle-flap con-

figurations exhibit the lowest shroud axial-force coefficient, as a result of the adverse

effect of the jet upon the base pressure on the shrouded configurations. Favorable jet

effects on the close-spaced-nozzle recessed-blunt-base configuration with the dry-power

setting reduce the shroud axial-force coefficient below the basic-shrouded-afterbody

values as high subsonic speeds (M = 0.95) are approached. For the maximum-augmented-

power setting, the basic shrouded configurations exhibit the lowest values of shroud axial-

force coefficient subsonically, with the exposed-nozzle-flap configurations having some-

what higher values. At the same power setting supersonically, the effect of shrouds is

relatively small, with the recessed-blunt-base configuration exhibiting a slight reduction

in shroud drag at Mach 2.2, which is due to an increase in base pressures caused by

underexpansion of exhaust flow at the high pressure ratios required for supersonic speeds.

Comparison of measured and theoretical wave-drag coefficients.- Supersonic wave-

drag coefficients of afterbody configurations I, 2, 5, and 6 with the convergent nozzles

operating at the jet-total-pressure ratio of 1.89 are presented in figure 30 as functions of

Mach number. The experimental values of CD, w were obtained by subtracting the skin-

friction axial-force coefficient presented in figure 29 from the respective shroud axial-

force coefficient obtained at a jet-total-pressure ratio of 1.89. In addition, the base-drag

coefficient of each configuration having a recessed blunt base was subtracted from the

shroud axial-force coefficient. Also shown in figure 30 are the values of afterbody wave-

drag coefficient as obtained from axisymmetric and three-dimensional wave-drag theories

by applying the assumption of infinite cylindrical jet plumes. Wave-drag calculations pre-

dict shroud drag with good accuracy for the close-spaced-nozzle afterbodies and with only

fair accuracy for the wide-spaced-nozzle afterbodies. It is interesting to note that for the

close-spaced-nozzle afterbody configuration, the axisymmetric wave-drag theory predic-

tions (ref. 9) were closer to measured values for Mach numbers 1.2 and 1.3, while at

Mach numbers 2.0 and 2.2 the three-dimensional wave-drag theory provided better cor-

relation. For the wide-spaced-nozzle afterbody configurations, the measured values were

higher than the values predicted by either theory.

Effect of lateral spacing on shroud axial-force coefficient.- The effect of lateral

spacing ratios on the shroud axial-force coefficient CA, s is presented in figure 31.

For the dry-power setting the shroud axial-force coefficient increases with increasing

spacing ratio at all Mach numbers for all configurations. This effect is in contrast with

the results shown in figure 23 for the variation of afterbody axial-force coefficient with

spacing ratio, since the jet exhaust can influence the nozzle-base-annulus region differ-

ently for the various nozzle-afterbody configurations. Generally for the maximum-

augmentated-power setting, littlechange in shroud axial-force coefficient occurred with

changes in the spacing ratio at subsonic speeds; however, at supersonic speeds the
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coefficient increased with increases in the lateral spacing. Because only two spacings

were used, a linear variation is shown between the extremes.

Effect of power setting.- The effect of power setting - that is, convergent-nozzle

throat size - is shown in figure 32 for some representative Mach numbers at the sched-

uled jet-pressure ratio. Variation of both the shroud axial-force coefficient and the

afterbody axial-force coefficient with jet size (At) are shown for the test configurations.
Increasing the sonic jet size decreases the axial-force coefficient in all cases because of

the expected larger favorable jet interference and the reduction in base annulus. Straight

lines connecting the data points for dry-power and maximum-augmented-power settings

are shown solid for the basic close-spaced-nozzle configuration (1) and broken for the

basic wide-spaced-nozzle configuration (2) to indicate the trend with power setting since

only two nozzle-throat sizes were used. The relation between the axial-force coefficients

and the power parameter 2At/Ama x is not necessarily linear for intermediate-

augmented-power settings, as shown in reference 13. The least favorable effects of jet

size on afterbody axial-force coefficient occur with the cutoff-shroud configurations

(3 and 4) because the nozzle-exit plane is downstream of the shroud terminus. To facil-

itate conversion of aerodynamic coefficients to propulsion coefficients involving nozzle

thrust ratios, figure 33 has been prepared. The variation of aerodynamic ideal-thrust

coefficient with jet-pressure ratio is given for the dry- and maximum-augmented-power

settings.

Performance Characteristics

Thrust-minus-drag ratio.- The variations of thrust-minus-drag ratio with jet-total-

pressure ratio and Mach number for all afterbody-nozzle configurations are shown in

figure 34. The thrust-minus-drag ratio of all configurations generally increases with

increases in jet-total-pressure ratio, as expected since the jet thrust increases rapidly

relative to the external drag (FA) of the afterbody.

Thrust-minus-drag variations with Mach number for a typical jet-total-pressure-

ratio schedule of a turbofan engine (see fig. 21) is presented in figure 35. Decreases in

performance due to increased nozzle lateral spacing are shown for the dry-power config-

urations at transonic speeds. Other variations in performance shown are due to configu-

ration differences. As Mach number increases toward unity, a decrease in performance

is indicated for all configurations, but shrouded configuration 6D shows the greatest

decrease. Generally, the basic shrouded configurations had the highest performance sub-

sonically. Supersonically, only slight differences are shown for the maximum-augmented-

power setting.

Nozzle internal performance.- The variation of internal performance Fj/Fi_ with

jet-pressure ratio and Mach number is presented in figures 36 and 37 for the dry-power
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setting and maxinmm-augmented-power setting, respectively, for afterbody configura-

tions 1, 2, 5, and 6. Also shown at the lowest and highest Mach numbers presented is the

ratio of ideal convergent-nozzle thrust to ideal isentropic thrust Fi,c/F i. Values of

Fj/F i at jet-total-pressure ratios below 2 generally appear to be greater than unity

because of less accuracy of instrumentation in the lower range of forces, pressures, and

flow rates. Also presented is the mass-flow ratio filj/fi_ i for each power setting and
Mach number.

CONCLUDING REMARKS

An investigation of the effect of nozzle lateral spacing on the drag and performance

of twin-jet afterbodies utilizing hinged-flap convergent nozzles was conducted at Mach

numbers from 0.6 to 2.2. Two nozzle-exit lateral spacings were studied for three after-

body types, with identical longitudinal cross-sectional-area distributions and fineness

ratios maintained as the spacing was varied. The three types consisted of a basic

shrouded configuration, an exposed-nozzle-flap configuration, and a shrouded configura-

tion having a blunt-base interfairing terminating forward of the nozzle exit. Two nozzle

power settings were used - the dry-power setting corresponding to minimum throat area

and the maximum-augmented-power setting corresponding to maximum throat area. The

jet-total-pressure ratio was varied from 1.0 (jet off) to approximately 21 depending on

the Mach number.

At Mach numbers from 0.6 to 0.95, the effect of lateral spacing of the nozzle exits

on aiterbody drag and performance was varied. For the basic shrouded configurations

at the dry-power setting, afterbody axial-force (drag) coefficient was generally decreased

with increased lateral spacing. The opposite trend was exhibited for the maximum-

augmented-power setting. For the exposed-nozzle-flap configurations afterbody drag

increased for an increase in lateral spacing for both power settings. For the shrouded

recessed-blunt-base configuration at both power settings, afterbody drag decreased with

increased lateral spacing.

At Mach numbers from 1.2 to 1.3 and 2.0 to 2.2, decreasing the lateral spacing of

the nozzle exits generally decreases afterbody drag and increases thrust minus drag for

all test co_lfigurations at both power settings.

An important conclusion of this investigation is that differences may occur in

determining the forces on the aiterbody if only shroud drag, which does not include the

annulus drag of the afterbody, is considered. Shroud axial-force (drag) coefficient gen-

erally increases with increased ]aterM spacing for both power settings, all configurations,

and all Mach numbers herein.
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Comparisons of experimental wave-drag measurements with calculated supersonic

wave drag as obtained from axisymmetric and three-dimensional theories indicate good

agreement for the close-spaced-nozzle afterbody configurations and only fair agreement

for the wide-spaced-nozzle afterbody configurations.

Langley Research Center,

National Aeronautics and Space Administration,

Hampton, Va., July 16, 1970.
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(b) Afterbody configurations with dry-power nozzles installed.

Figure 2.- Continued.
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(c) Afferbody configurations with maximum-augmenfed-power nozzles installed.

Figure 2.- Concluded.
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Dry-power setting Maximum-augmented-

d t

Annulus area = Abase-Athroat

d b d s Zf d t

Dry 7.95 8.78 2.69 4.69

Afterburner 7.95 8.78 2.12 7.42

I s

Figure 7.- Sketch of nozzle and shroud installation. (All dimensions are in cm.)
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Figure 23.- Comparison of afterbody axial-force coefficients for spacing ratio s/dt at several Mach numbers.
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Figure 30.- Comparison of experimentally and theoretically determined afterbody wave-drag coefficients.
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